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Specification 

Method for Operating a Nitrogen Oxide Storage-Type Catalytic Converter of 
an Internal Combustion Engine. Particularly of a Motor Vehicle 

The invention relates to a method for operating a nitrogen oxide storage-type catalytic 
converter of an internal combustion engine, particularly of a motor vehicle as claimed in the 
preamble of claim 1. 

In current automotive engineering spark ignition engines as internal combustion engines 
with direct gasoline injection instead of a conventional intake manifold injection are preferred, since 
these internal combustion engines, compared to conventional spark ignition engines, have distinctly 
more dynamics, are superior with respect to torque and output, and at the same time make possible a 
reduction in fuel consumption by up to 15%. This makes possible so-called stratification in the 
partial load range in which an ignitable mixture is required only in the area of the spark plug, while 
the remaining combustion chamber is filled with air. As a result the engine can be operated 
unthrottled; this leads to reduced load changes. In addition, the direct gasoline injector benefits from 
reduced heat losses since the air layers around the mixture cloud insulate toward the cylinder and 
cylinder head. Since conventional internal combustion engines, which work according to the intake 
manifold principle, as such a high air excess as prevails in direct gasoline injection can no longer be 
ignited, in this stratified charging mode the fuel mixture is concentrated around the spark plug 
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which is positioned centrally in the combustion chamber, while in the edge areas of the combustion 
chamber there is pure air. In order to be able to center the fuel mixture around the spark plug which 
is positioned centrally in the combustion chamber, a concerted air flow in the combustion chamber 
is necessary, a so-called tumble flow. In the process an intensive, roller-shaped flow is formed in the 
combustion chamber and the fuel is injected only in the last third of the upward motion of the 
piston. By the combination of the concerted air flow and the special geometry of the piston which 
has for example a pronounced fuel and flow depression, the especially finely atomized fuel is 
concentrated in a so-called "mixture ball" ideally around the spark plug and reliably ignites. The 
engine control provides for the respectively optimized adaptation of the injection parameters (point 
of injection time, fuel pressure). 

These internal combustion engines can therefore be operated in lean operation for a 
correspondingly long time; this benefits fuel consumption overall, as has been described in the 
foregoing. This lean operation however entails the disadvantage that the nitrogen oxides (NOx) 
cannot be reduced in the lean exhaust gas of a 3-way catalytic converter. In order to keep the 
nitrogen oxide emissions within the scope of prescribed limits, for example of the Euro-IV limit 
value, nitrogen oxide storage catalytic converters are generally used in conjunction with these 
internal combustion engines. These nitrogen oxide storage catalytic converters are operated such 
that the nitrogen oxides produced by the internal combustion engine in the first operating phase as 
the lean operating phase are stored in the nitrogen oxide storage catalytic converter. This first 
operating phase or lean operating phase of the nitrogen oxide storage catalytic converter is also 
called the storage phase. As the length of the storage phase increases, the efficiency of the nitrogen 
oxide storage catalytic converter decreases; this leads to a rise in nitrogen oxide emissions 
downstream of the nitrogen oxide storage catalytic converter. The reduction in efficiency is caused 
by the increase of the nitrogen oxide fill level of the nitrogen oxide storage catalytic converter. The 
rise in nitrogen oxide emissions downstream of the nitrogen oxide storage catalytic converter can be 
monitored, and after a predeterminable threshold value is exceeded, a second operating phase of the 
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nitrogen oxide storage catalytic converter, a so-called discharge phase, can be initiated. During this 
second operating phase a reducing agent can be added to the exhaust gas of the internal combustion 
engine and it reduces the stored nitrogen oxides to nitrogen and oxygen. The reducing agents are 
generally hydrocarbons (HC) and/or carbon monoxide (CO) which can be produced in the exhaust 
gas simply by a rich setting of the fuel/air mixture. Towards the end of the discharge phase most of 
the stored nitrogen oxide is reduced and less and less of the reducing agent which can reduce the 
nitrogen oxide to oxygen and nitrogen comes into contact with the nitrogen oxide. Towards the end 
of the discharge phase the proportion of the reducing agent in the exhaust gas downstream of the 
nitrogen oxide storage catalytic converter therefore rises. By corresponding analysis of the exhaust 
gas downstream of the nitrogen oxide storage catalytic converter, for example by means of an 
oxygen sensor, the end of the discharge phase can be initiated and it is possible to switch back to the 
lean operating phase. In known nitrogen oxide storage catalytic converters this switching is carried 
out at time intervals of for example from 30 to 60 seconds, regeneration, i.e., the discharge phase, 
lasting approximately 2 to 4 seconds. 

To determine a quality factor for evaluation of the storage capacity of a nitrogen oxide 
storage catalytic converter, WO 02/14658A1 discloses a process in which during the storage phase 
the raw nitrogen oxide mass flow upstream of the nitrogen oxide storage catalytic converter and a 
nitrogen oxide mass flow downstream of the nitrogen oxide storage catalytic converter are 
determined and the state of the nitrogen oxide storage catalytic converter is determined from the two 
determined values for the raw nitrogen oxide mass flow upstream and the nitrogen oxide mass flow 
downstream of the nitrogen oxide storage catalytic converter. For this purpose, the two determined 
values for the raw nitrogen oxide mass flow upstream and the nitrogen oxide mass flow downstream 
of the nitrogen oxide storage catalytic converter are each integrated over a predetermined time 
interval and the state of the nitrogen oxide storage catalytic converter is determined by the quotient 
from the integrated values for the raw nitrogen oxide mass flow upstream and the nitrogen oxide 
mass flow downstream of the nitrogen oxide storage catalytic converter. In this way, the quality 
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factor is obtained which enables a conclusion about the storage capacity of the nitrogen oxide 
storage catalytic converter with respect to catalytic converter aging by sulfur poisoning and thermal 
damage or the ageing-induced decrease of the storage capacity. In particular, in this way the degree 
of poisoning of the catalytic converter with sulfur will be determined and thus the sulfur content will 
be corrected in the control device of the internal combustion engine in order to optimize sulfur 
regeneration. This is because the sulfur which is contained in fuels leads to poisoning of the storage 
catalytic converter, i.e., to permanent storage of the sulfur in the storage catalytic converter which 
reduces the storage capacity for the nitrogen oxides. In the nitrogen oxide storage catalytic converter 
the nitrogen oxides are stored in the form of nitrates, while the sulfur is stored in the form of 
sulfates. Since the sulfates are chemically more stable than the nitrates, the sulfate cannot break 
down in nitrogen oxide regeneration. Only for catalytic converter temperatures above 650°C under 
reducing conditions can sulfur discharge can be achieved. These high catalytic converter 
temperatures are however generally not reached in urban driving so that mainly in city traffic does 
creeping attachment of sulfur in the nitrogen oxide storage catalytic converter occur, which leads to 
ageing of the nitrogen oxide storage catalytic converter. This ageing must therefore always be 
considered in the design and operation of a nitrogen oxide storage catalytic converter in order to 
ensure that catalytic converter ageing over the intended service life of the catalytic converter leads 
to adherence to predetermined exhaust gas limit values with respect to nitrogen oxide emissions for 
an aged nitrogen oxide storage catalytic converter. A generic process for operating a nitrogen oxide 
storage catalytic converter of an internal combustion engine of a motor vehicle is in general already 
known, in which the nitrogen oxides which have been produced by the internal combustion engine 
are stored in the nitrogen oxide storage catalytic converter in the first operating phase (lean phase) 
as a storage phase for a specific storage time, and in which, after expiration of the storage time at a 
specific switching instant for a specific discharge time, switching to the second operating phase as 
the discharge phase takes place, in which the nitrogen oxides which were stored during the storage 
time are discharged from the nitrogen oxide storage catalytic converter. The switching instant in the 
storage phase is determined as a function of the nitrogen oxide slip as the difference between the 
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nitrogen oxide mass flow which has flowed into the nitrogen oxide storage catalytic converter and 
the nitrogen oxide mass flow which has flowed out of the nitrogen oxide storage catalytic converter, 
each relative to the storage time. 

Specifically, in order to be able to adhere to the predetermined exhaust gas limit value over 
the entire service life of the nitrogen oxide storage catalytic converter, in such an operating mode 
the number of discharges must be matched to the amount of nitrogen oxide which has been 
discharged per charging and discharging cycle, such that for the storage capacity of an aged 
nitrogen oxide storage catalytic converter which has been reduced compared to a new nitrogen 
oxide storage catalytic converter, the amount of nitrogen oxide which has been released during the 
exhaust gas test time interval does not exceed the predetermined exhaust gas limit value. This 
amount of nitrogen oxide release which is predetermined per charging cycle for an aged storage 
catalytic converter is an absolute quantity and constitutes the absolute nitrogen oxide slip, i.e., that 
as soon as the storage catalytic converter is charged with this amount of nitrogen oxide, discharge 
takes place. This absolute nitrogen oxide slip as a fixed value applies both to the new and also the 
aged nitrogen oxide storage catalytic converter. 

Since a rich mixture of lambda greater than 1 per discharge is required, with an increasing 
number of discharges in the course of ageing of a storage catalytic converter, the fuel consumption 
also rises compared to that of a new storage catalytic converter. 

The object of the invention is therefore to make available a process for operating a nitrogen 
oxide storage catalytic converter with which the fuel consumption especially for new storage 
catalytic converters can be reduced. 



This object is achieved with the features specified in claim 1. 
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As claimed in claim 1, to establish the instant of switching from the storage phase to the 
discharge phase, the relative nitrogen oxide slip is determined such that the nitrogen oxide mass 
flow upstream of the nitrogen oxide storage catalytic converter and the nitrogen oxide mass flow 
downstream of the nitrogen oxide storage catalytic converter are each integrated over the respective 
time interval of the lean phase and the quotient of the integral values are brought into a relative 
relationship with a predeterminable degree of conversion of the nitrogen oxide which can be derived 
from the exhaust gas limit value, such that when this predetermined switching condition is present, 
switching from the storage phase to the discharge phase is carried out at the switching instant which 
has been optimized with respect to fuel consumption and storage potential. 

Advantageously, here the time integrals of the amount of nitrogen oxide upstream and 
downstream of the nitrogen oxide storage catalytic converter, which integrals have been brought 
into a relative relationship to one another, in conjunction with a predeterminable degree of 
conversion are taken into account as the reference value for switching. This means that for this 
discharge strategy the tail pipe emissions with respect to nitrogen oxide are independent of the 
ageing state of the catalytic converter, and furthermore the exhaust gas result is also independent of 
the number of discharges per unit of time. With this operating mode the respective storage capacity 
in the catalytic converter can advantageously be fully used; for a new or newer catalytic converter 
this is reflected in fuel consumption which is reduced compared to an aged storage catalytic 
converter, since the new or newer catalytic converter needs to be discharged less often than an aged 
catalytic converter, since the relative slip at which discharge is to be carried out is reached only at a 
later instant than is the case for an aged storage catalytic converter. For an aged storage catalytic 
converter in the operating mode as claimed in the invention, only the number of discharges rises, 
their being however independent of the exhaust gas result as such. This is because with the 
operating mode as claimed in the invention discharge is always carried out only when this becomes 
necessary, in order not to exceed the predetermined exhaust gas limit value per unit of time, since 
the integrated nitrogen oxide mass flows upstream and downstream of the nitrogen oxide storage 
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catalytic converter here are referenced to the degree of conversion which is necessary for adherence 
to an exhaust gas limit value. In contrast to the operating mode according to the prior art, based on 
the use of the foil storage potential a new storage catalytic converter viewed over a specific time 
interval need be discharged less often than is the case for a new storage catalytic converter as 
claimed in the prior art, in which the storage potential of a new storage catalytic converter cannot be 
folly exploited. This is because in the operating mode as claimed in the prior art this absolute 
amount of nitrogen oxide slip which is predetermined per discharge applies as a fixed value both to 
the old and also to the new storage catalytic converter, so that the new storage catalytic converter in 
the prior art must also always be discharged when this pre-established absolute nitrogen oxide slip is 
reached, this being the case although here the new nitrogen oxide storage catalytic converter could 
still continue to store nitrogen oxide. In contrast to this, in the operating mode as claimed in the 
invention the total instantaneous storage potential is always used up by the relative relationship, so 
that especially referenced to a new or newer storage catalytic converter a considerable foel savings 
is achieved compared to the operating mode in the prior art. This is because in the operating mode 
according to the prior art, due to the fact that in a new or newer storage catalytic converter, 
discharge is always initiated earlier than necessary, also a rich mixture is added earlier than 
necessary. 

According to an especially preferred process implementation, as claimed in claim 2, it is 
provided that the relative slip is the quotient of the integral over the nitrogen oxide mass flow 
downstream of the nitrogen oxide catalytic converter and the integral over the nitrogen oxide mass 
flow upstream of the nitrogen oxide storage catalytic converter. This quotient for determining the 
switching condition is set equal to a predeterminable switching threshold value K which is 
attributed to the predeterminable degree of nitrogen oxide conversion, so that when this switching 
condition is satisfied, switching from the storage phase at the end of the storage time which has been 
determined in this way to the discharge phase takes place. For example, this switching threshold 
value K as claimed in claim 3 satisfies the following equation: 
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K = 1 - predetermined conversion rate of nitrogen oxide 

The predetermined nitrogen oxide conversion rate is thus always less than 1, but is 
preferably at least 0.8, at most preferably with respect to the Euro-IV exhaust gas limit value 
standard approximately 0.95. 

As claimed in claim 4, the nitrogen oxide mass flow is modeled upstream of the nitrogen 
oxide storage catalytic converter. As a rule however this nitrogen oxide mass flow could also be 
measured upstream of the nitrogen oxide storage catalytic converter, for example by means of a 
nitrogen oxide sensor. This nitrogen oxide sensor as claimed in claim 5 is however advantageously 
provided downstream of the nitrogen oxide storage catalytic converter in order to measure the 
nitrogen oxide mass flow downstream of the nitrogen oxide storage catalytic converter. Especially 
for the times in which the nitrogen oxide sensor is not ready for operation, the nitrogen oxide mass 
flow downstream of the nitrogen oxide storage catalytic converter can also be modeled. Modeling is 
defined here as the raw nitrogen oxide mass flow upstream of the nitrogen oxide storage catalytic 
converter or the nitrogen oxide mass flow downstream of the nitrogen oxide storage catalytic 
converter being taken from the nitrogen oxide storage model or a nitrogen oxide raw emission 
model. In the models for example the raw nitrogen oxide mass flow is modeled from the parameters 
which describe the operating point of the internal combustion engine, for example, the supplied fuel 
mass or air mass, the torque, etc. Likewise, the modeled raw nitrogen oxide mass flow can also be 
taken from a characteristic or a family of characteristics. 

According to one especially preferred embodiment as claimed in claim 6, a nitrogen oxide 
mass flow signal which has been measured by means of the nitrogen oxide sensor downstream of 
the nitrogen oxide storage catalytic converter is supplied to a control device in which the nitrogen 
oxide mass flow which has been measured downstream of the nitrogen oxide storage catalytic 
converter is integrated over time, and the integral value which has been determined in this way 
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together with the integral value of the nitrogen oxide mass flow upstream of the nitrogen oxide 
storage catalytic converter is brought into a relation with the predeterminable degree of conversion 
of the nitrogen oxide to determine the switching instant. When the switching condition is present, 
then the control device delivers a control signal to carry out switching of the nitrogen oxide storage 
catalytic converter from the storage phase to the discharge phase. The process implementation as 
claimed in the invention here thus also results in an especially favorable component engineering 
cost, since no additional components are necessary, but the components which are already present 
can be used for the operating mode as claimed in the invention. 

The control device is claimed separately as claimed in claim 7. The advantages which 
accrue hereby have already been detailed in conjunction with the process implementation so that 
they are not further detailed here. 

The invention will be explained in greater detail below with the aid of the drawings in which 

FIG. 1 shows a diagram of the amount of nitrogen oxide over time for a new nitrogen oxide 

storage catalytic converter, 

FIG. 2 shows a schematic diagram of the amount of nitrogen oxide over time for an aged 

nitrogen oxide storage catalytic converter, 

FIG. 3 shows a comparative schematic of the discharge cycles of a new and an aged 

nitrogen oxide storage catalytic converter, 

FIG. 4 shows a schematic diagram of the consumption over emissions with application lines 

for a new and an aged nitrogen oxide storage catalytic converter in comparison, and 
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FIG. 5 shows a schematic of the amount of nitrogen oxide over time for an operating mode 

according to the prior art. 

FIG. 5 shows a schematic of the amount of nitrogen oxide over time for the operating mode 
of a nitrogen oxide storage catalytic converter according to the prior art. In the left part of the 
diagram relative to the fixed absolute nitrogen oxide slip the maximum storage time is shown, with 
the solid lines for the new storage catalytic converter and broken lines for the aged storage catalytic 
converter. It is shown purely schematically here that the number of discharges in an aged storage 
catalytic converter is higher, so that, since each time a more or less identical amount of nitrogen 
oxides is stored per unit of time, during a specific time interval for an aged nitrogen oxide catalytic 
converter a higher amount of nitrogen oxide is released than is the case during the same time 
interval for the new storage catalytic converter. This leads to the number of discharges per time 
interval being included directly in the exhaust gas result here and thus with reference to adherence 
to the exhaust gas limit values per predetermined exhaust gas limit value-time unit, to the number of 
possible discharges of an aged storage catalytic converter at the end of its service life having to be 
considered and therefore the fixed absolute slip value having to be reduced accordingly in order to 
meet the exhaust gas standard. This is shown schematically in the right part of the diagram and thus 
leads to the storage potential of the new storage catalytic converter not being used up. Since 
however in this operating mode, based on the fixed absolute slip, in a new storage catalytic 
converter the discharge is initiated earlier than is actually necessary, this has a deleterious effect on 
fuel consumption in the new storage catalytic converter, since a richer mixture is added earlier than 
necessary. This means that relative to a specific time interval actually more rich mixture is added 
than would have been necessary during this time interval if the storage capacity of a new or newer 
storage catalytic converter which is actually available would have been completely used up. 
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In FIGS. 1 and 2, simply for the sake of illustrating the principle of the specific procedure as 
claimed in the invention, the amount of nitrogen oxide is plotted schematically and by way of 
example over time, the amount of nitrogen oxide being shown added up. On the basis of constant 
delivery of a constant amount of nitrogen oxide over time which is assumed solely for sake of 
simplicity of illustration, the integral over the nitrogen oxide mass flow upstream of the nitrogen 
oxide storage catalytic converter over the time interval under consideration yields a linear rise, as is 
shown schematically in FIGS. 1 and 2. For a new nitrogen oxide storage catalytic converter, the full 
storage capacity is still present, i.e., for example poisoning by sulfur has not yet taken place, so that 
for a storage time ti nitrogen oxides are stored in the nitrogen oxide storage catalytic converter until 
the quotient of the integral over the nitrogen oxide mass flow downstream of the nitrogen oxide 
storage catalytic converter and of the integral over the nitrogen oxide mass flow upstream of the 
nitrogen oxide storage catalytic converter is equal to a predetermined switching threshold value K 
which has been derived from the exhaust gas limit value and which originates from a predetermined 
degree of nitrogen oxide conversion which is derived from the exhaust gas limit value, so that when 
this switching condition is satisfied, after expiration of the storage time ti switching takes place to a 
discharge phase which is no longer shown here, in which a rich mixture is supplied for discharge of 
the nitrogen oxides. For example, the switching threshold value K at a predetermined rate of 
nitrogen oxide conversion of 95%, i.e., of 0.95, is then 0.05 relative to 1 (1 00%) as the reference 
quantity. This means that in the present case of a new nitrogen oxide storage catalytic converter the 
discharge phase is initiated when the quotient of the two aforementioned integrals is equal to 0.05 or 
5%. 

FIG. 2 shows essentially the same for an aged nitrogen oxide storage catalytic converter, i.e., 
for a nitrogen oxide storage catalytic converter which is for example already highly poisoned with 
sulfur. As becomes apparent from the sample representation of FIG. 2 which is only schematic, for 
such an aged nitrogen oxide storage catalytic converter within the same time interval ti considered, 
for example only two discharges are necessary, once after a time t 2 which is prior to time ti, and 
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then in turn at time ti which corresponds to time ti of FIG. 1 . The relative slip as the quotient of the 
integral over the nitrogen oxide mass flow downstream and upstream of the nitrogen oxide storage 
catalytic converter and relating it to a stipulated degree of nitrogen oxide conversion which can be 
derived from the exhaust gas limit value result in that at the switching instant at which the switching 
condition is satisfied, the quotient of the integral values X 2 and X 3 at time t 2 and the quotient of the 
integral values Xi and Xo at time ti as well as the quotient from the difference of the integral values 
Xi - X 2 and Xo - X 3 at time ti are always equal to the predetermined switching threshold value K. 
Likewise, the quotient of the integral values Xi and Xo at time ti (switching instant) corresponds to 
FIG. 1, i.e., for a new nitrogen oxide storage catalytic converter, corresponds to this switching 
threshold value K so that it is always ensured by the reference to the degree of conversion of the 
nitrogen oxide as claimed in the invention that a discharge takes place when this is necessary to 
satisfy the degree of conversion which originates from a specific exhaust gas limit value. That is to 
say, the storage capacity which is present in the nitrogen oxide storage catalytic converter can be 
fully used up according to the ageing state of the nitrogen oxide storage catalytic converter. 

As shown especially in FIG. 3, the procedure as claimed in the invention results in that the 
exhaust gas limit value always being maintained since the number of discharges rises with 
increasing ageing of the catalytic converter, but this has no effect at all on the amounts of exhaust 
gas as such, since the number of discharges at each ageing instant is adapted optimally to the 
required conversion rate and thus the predetermined exhaust gas limit value, such that this exhaust 
gas limit value and thus the required conversion rate per exhaust gas limit value-time interval are 
not exceeded. Thus the amount of exhaust gas which is shown cross-hatched and which is released 
per discharge process on the upper x-axis in FIG. 3 as the sum corresponds to the exhaust gas 
amounts Ai, A 2 , A3, A4, and A5, here for the special case of a constant operating point of the internal 
combustion engine Ai = A 2 = A3 = A4 = A 5 , exactly the amount of exhaust gas plotted on the lower 
x-axis as the sum of areas ai to aio, here too for the special case of a constant operating point of the 
internal combustion engine ai = a 2 = a3 =...= aio. Moreover, here the sum of the area integrals of the 
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downstream catalytic converter emissions for a new and for an aged storage catalytic converter is 
almost the same. 

That is to say that, viewed over the same time interval for an aged nitrogen oxide storage 
catalytic converter, only the number of discharges rises, but not the amount of nitrogen oxide 
released during this time interval, so that a predetermined emission limit value as the exhaust gas 
limit value can thus always be maintained. 

The advantage of the procedure as claimed in the invention also appears in the diagram of 
fuel consumption over emissions, shown in FIG. 4. In this diagram, on the one hand the operating 
line as the application line B new for a new nitrogen oxide storage catalytic converter and the 
operating line as the application line B 0 id for an aged nitrogen oxide storage catalytic converter are 
shown. This diagram shows that in the process implementation as claimed in the invention the 
nitrogen oxide storage catalytic converter is possible as is shown in FIG. 4 by reference numeral 1, 
with low consumption without holding catalytic converter ageing in abeyance, as is the case in the 
process implementation according to the generic prior art and as is shown in FIG. 4 with V and by 
the broken line, so that in the course of catalytic converter ageing due to the increased number of 
discharges the consumption does rise, but the emission boundary is not exceeded. In contrast to the 
operating mode according to the prior art, in the operating mode as claimed in the invention the 
exhaust gas result for a new storage catalytic converter is "poorer 11 , but is permanently below the 
predetermined exhaust gas limit value. This means that with the operating mode as claimed in the 
invention an always optimized operating mode is possible without the occurrence of unnecessarily 
holding in abeyance at the new storage catalytic converter. 



